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Abstract: Tana di Badalucco cave is located in Imperia (Liguria, Italy), not far from the French
border. This site is scarcely known and it has never been studied accurately, even though different
archaeological excavations have returned really important elements, both in the archaeological and
the paleoenvironmental aspects. Its stratigraphy ranges from Middle Paleolithic to Metal Ages, thus it
has registered important climate and environmental variations specific to the Upper Pleistocene
and Holocene. From 2012, the Soprintendenza Archeologia della Liguria, the Museo di Archeologia
Ligure, and DiSTAV (University of Genova) have been collaborating in order to finally study this
promising and complex stratigraphy, trying to reconstruct the paleoenvironmental context of the
region. In this work, we present what we were able to assess thanks to the use of micromorphology,
the study of undisturbed thin soil sections. This technique has proven useful in recognizing the
alternating of cold and warmer conditions during the Quaternary, as well as in identifying primitive
signs of human and animal occupation.
Keywords: geoarchaeology; micromorphology; cave; climate change; quaternary
1. Introduction
Italy is well known for its valuable archaeological sites [1] and Liguria, one of its regions, has
some of the most precious examples [2,3]. One of these sites is the Tana di Badalucco cave [4,5]
(Figure 1), situated in Pigna (IM), where Rio Corvo and Rio Muratone meet, not far from the French
border. It probably owes its name to the original owner of the area [4,5], but the toponym similarity
with another cave (Tana Bertrand, in Badalucco) has created many misunderstandings over time [5].
Nonetheless, the stratigraphy covers a vast time interval, between the Middle Paleolithic and the Bronze
Age [4–7]. The archaeological finds from different excavations (preserved in several museums in Liguria)
include tools, ceramics, and animal and human bones [6,7]. Unfortunately, in the nineteenth century,
archaeology did not follow the current excavation standards, characterized by punctual registration
and reporting of archaeological finds [8], and this has sometimes proven to be a problem. Only part of
the original deposits survived the different official and unofficial archaeological excavations [7–9] and
it was in correspondence to these that we sampled eight undisturbed, oriented blocks of sediment.
We utilized micromorphology, the study of undisturbed soil and regolith samples with microscopic
techniques [10], to analyze and interpret the deposits. Some authors consider micromorphology
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as the most suitable technique for tackling a broad spectrum of geoarchaeological problems that
other methods by themselves are not capable of doing [10]. Micromorphology is applied in many
contexts. Stoops [11] asserts, more in general, that the aim of this technique lies in disentangling
questions related to the genesis, classification, and management of soils, including soil characterization
in paleopedology and archaeology. It is a wide range of application and, even if its first application is
relatively recent [12], it earned some prestige in the pedological [13] and, then, in the archaeological
field [14,15]. Since 1990, there has been an increase in the number of publications regarding the use
of this analytical tool in archaeology [14], and this is probably related to the technique’s evolution:
the application of fundamental concepts requires a certain knowledge in the natural sciences, above
all, earth and material sciences [14]. In fact, micromorphology is currently used to solve a variety
of archaeological problems ranging from the identification of specific constituents to stratigraphy
interpretation applied to the reconstruction of paleoenvironments [14,16], and to the identification of
the past climatic conditions.
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Figure 1. Map of Tana di Badalucco cave.
Caves are a peculiar type of (geo)archaeological environments, as they behave as closed systems:
they serve as traps for geological inputs (originating both within and from outside the cave system) and
for those derived from human activities [17,18]. Many authors agree that the sedimentary records in
the rock shelters and caves of the Mediterranean region constitute important paleoenvironmental and
sedimentological archives [19]. Several Mediterranean sites showed almost the same characteristics
related to abrupt climate changes, corresponding to periods of exceptional environmental change [17,19–21].
All these works have (tentatively) associated these drastic cooling shifts to the cold stages of the full and
late glacial (∼42–18 ka BP) [17,19–23]. Courty stated that “cave sediments, particularly sequences in the
Mediterranean region, offer a unique opportunity to provide the local to regional climatic perspective
that is needed to improve our understanding of the spatial and temporal complexity of these exceptional
events” [20]. Sites in Spain, France, Albania, Greece, Morocco, Israel, and Italy [19–21] return all the
same paleoclimatic reconstruction results and this also applies for the Tana di Badalucco cave.
In 1934 [6], a comprehensive stratigraphy for the Tana di Badalucco cave had been proposed.
Moreover, in the 1960s, a team coordinated by Massimo Ricci (from the Sanremo Museum) conducted
several archaeological test pits in the inner parts of the cave, with particular regard to the layers dating
back to the first periods of human frequentation [7]. In this paper, we will propose a comparison
between the stratigraphy we were able to identify within the cave (Figure 2) and the one proposed
in 1934. Zambelli, digging the outermost portions, mentioned the presence of five layers, indicating
climate conditions different from that of the present day. Starting from the bedrock, the first layer,
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which commences from the entrance and continues until the inner portions, is characterized by a
hard, reddish deposit rich in sand, limestone granules, rounded pebbles, and rare and fine fossil
shells belonging to the surrounding rocks. The second layer is continuous throughout the cave and is
composed of a hard and compact grey sandy deposit, rich in clay and pebbles, containing Ursus spelaeus
and other animals’ (not identifiable) bone fragments. The third layer is constituted by two formations
not recognizable at the entry: one is represented by a breccia rich in bones, delimited by two calcareous
crusts and abundant in various rounded rock fragments, while the other is a brown deposit rich in
pebbles and boulders, found between the first and second layers. The fourth level is delimited in
the upper part by a stalagmitic stratification of a few centimeters. It is described as composed of a
fine-grained, arid, grey deposit, rich, especially at the entrance, in bones, objects, and tools, whereas in
the internal portions, typical quaternary animal bones can be found. The last (fifth) level consists of a
blackish sediment containing few recent vertebrate and invertebrate traces.
Geosciences 2019, 9, x FOR PEER REVIEW 3 of 14 
 
indicating climate conditions different from that of the present day. Starting from the bedrock, the 
first layer, which commences from the entrance and continues until the inner portions, is 
characterized by a hard, reddish deposit rich in sand, limestone granules, rounded pebbles, and rare 
and fine fossil shells belonging to the surrounding rocks. The second layer is continuous throughout 
the cave and is composed of a hard and compact grey sandy deposit, rich in clay and pebbles, 
containing Ursus spelaeus and other animals’ (not identifiable) bone fragments. The third layer is 
constituted by two formations not recognizable at the entry: one is represented by a breccia rich in 
bones, deli ited by two calcareous crusts and abunda t in various rounded rock fragments, while 
the oth r is a brown deposit rich in pebbles and bould rs, foun  between the first nd second layers. 
The fourth level is delimited in the upper part by a stalagmitic stratification of a few centim ters. It 
is described as composed of a fine-graine , arid, grey deposit, rich, especially at the e trance, in bone , 
objec s, and too , whereas in the internal portion , typical qu ternary animal bones can be found. 
The last (fifth) l vel consists of a blackish sediment containing few rec nt vertebrate and invertebrate 
t ace .  
The most recent levels (those belonging to the H locene, described as situated in the upper 
portions of the depo its) were prob bly lmost complet ly removed; nevertheless, this does not seem 
to apply to all the Paleolithic deposits (in the lower po tions), which r ughly correspond with our 
levels ra ging fr m F to A1 (Figure 2). As far s lev l G is concer ed (Figure 2), inst ad, we have not 
een able to find a correspond nce, albeit an approximated one, with th  previous stratigraphy.  
 
Figure 2. Stratigraphy with the sedimentological layers, as well as sampling locations. The blank 
portions were not excavated due to the presence of boulders and the absence of original deposits. A1–
A2: rubified clayey silt; B: brown silt; C: brown loamy clay; D: grey loam; E: firm grey silt; F: light 
brown clay; G: roofspall and bone-rich breccia. 
Some parts of the description provided by Zambelli [6] show some discrepancy [7], in particular 
concerning the animal bone fragments reported in the paper and their attribution to the relative layers 
(Bona pers. Comm., 2019), but also concerning the sedimentological aspects. Regrettably, this is the 
only portrayal of the cave deposits from the previous archaeological excavations, thus when all 
deposits were still in situ. For this reason, we will hypothesize a comparison between our analysis, 
interpretation, and results and this prior research. 
Figure 2. Stratigraphy with the sedimentological layers, as well as sampling locations. The blank
portions were not excavated due to the presence of boulders and the absence of original deposits.
A1–A2: rubified clayey silt; B: brown silt; C: brown loamy clay; D: grey loam; E: firm grey silt; F: light
brown clay; G: roofspall and bone-rich breccia.
The most recent levels (those belonging to the Holocene, described as situated in the upper
portions of the deposits) were probably almost completely removed; nevertheless, this does not seem
to apply to all the Paleolithic deposits (in the lower portions), which roughly correspond with our
levels ranging from F to A1 (Figure 2). As far as level G is concerned (Figure 2), instead, we have not
been able to find a correspondence, albeit an approximated one, with the previous stratigraphy.
Some parts of the description provided by Zambelli [6] show some discrepancy [7], in particular
concerning the animal bone fragments reported in the paper and their attribution to the relative layers
(Bona pers. Comm., 2019), but also concerning the sedimentological aspects. Regrettably, this is
the only portrayal of the cave deposits from the previous archaeological excavations, thus when all
deposits were still in situ. For this reason, we will hypothesize a comparison between our analysis,
interpretation, and results and this prior research.
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1.1. Archaeological Context
We know about four archaeological excavations during the last two centuries [4–7], even if
Zambelli [6] mentions the probability of an unofficial one during the 20s of the last century. The first
survey took place in 1880 [4,24]. Issel wrote [25] that they started digging only to avoid artifacts and
human skeletal remains destruction: in that period, farmers used cave soil to build their agricultural
terraces and, in that way, some archaeological material has gone missing. On this occasion, a flint dagger
from the Copper Age was found, together with several human skeletal remains [7]. The second official
archaeological expedition took place in 1933–1934, under the direction of Frederick Hosmer Zambelli [6].
They started investigating the two more internal portions of the cave’s main branch [6]. Pleistocene
faunal skeletal remains (above all, Ursus spelaeus) and pottery fragments were recovered and they are
still under study [4]. After WWII, in 1965–1966, the Gruppo ricerche sanremese (Istituto Internazionale
di Studi Liguri, an Italian cultural association aimed at studying the history of Liguria) returned to
Tana di Badalucco to excavate what was left [4]. Many lithic tools referable to the Mousterian industry
and about 20 pottery fragments, maybe from Neolithic to late Bronze Age, were recuperated and,
among them, even VBQ (Vasi a Bocca Quadrata, Square-Mouthed Pottery) phase pottery fragments [7].
The current excavations started in 2012, thanks to Soprintendenza Archeologia della Liguria and
University of Genova. On this occasion, it has been noted that small parts of the deposit near the
entrance and most of the innermost portion are still in place [9].
1.2. Environmental Context
The site is situated in the Nervia valley, on the southern border of the Colla Mirabello mountain [26]
(Figure 3). The cave can be reached from the Rio Muratone river left bank, in the Marellae locality [5],
approximately 35–40 km from the seacoast [26]. Despite its distance from the sea and the high
elevation (665 m a.s.l.), the area is still subjected to a Mediterranean climate, to be more specific, to a
Mediterranean to warm temperate mountains climate, characterized by relatively abundant rainfall
and a mean annual temperature of 11 ◦C [27], which affects soils and their evolution.Geosciences 2019, 9, x FOR PEER REVIEW 5 of 14 
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The whole area is characterized by a complex karst system and a high number of caves [28].
The cave’s entrance is placed in correspondence to the Eocene limestone, at 18 meters from the creek
level [6], not far from Giacheira cave [9], belonging to the same karst system (Figure 3). As has already
been mentioned, Tana di Badalucco has formed at the contact between the Eocene limestone and
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the Upper Cretaceous marly limestone, both belonging to the Dauphinois–Provençal domain [29].
The second formation reported is the most represented in the study area [28]; it is called Trucco’s
marls and marly limestones formation (TUC) (Figure 3). At its top can be found the Capo Mortola
calcarenites formation (NCM), also known in literature as nummulite limestone, the name attributed
for its richness in this Foraminifera genre [29]. In this area are also present two other formations worth
mentioning: the Olivetta S. Michele silty marls (OSM) and the Ventimiglia flysch (FYV). The first
develops above the NCM, with a gradual transition from one to the other, and it formed during the
Lutetian and Bartonian Ages, while the second formed during the Bartonian and Priabonian [29].
2. Materials and Methods
We will only discuss the micromorphological results on several selected thin soil sections, in order
to underline the importance and great value of this technique.
2.1. Sampling
Sampling was performed by removing undisturbed sample blocks by excavating around the
desired location and covering them with plaster [30]. This procedure was conducted in three different
locations inside the cave: one sample (MTB1) (Figure 4a) was taken 4 m from the entrance in
correspondence to an in situ deposit, 1 m above the ground surface. Five samples (M1–5) (Figure 4b)
derived from a sequence of deposit situated just before the second corridor entrance: M4, 30 cm
above the ground surface; M5, a few centimeters above the ground surface; M1, 5 cm below the
ground surface; M2, 20 cm below; and M3, 40 cm. The last two (WK 1–2) belonged to a more internal
Pleistocene deposit: WK1 was sampled 20–30 cm below the ground surface, WK2 30–35 cm below the
ground surface.
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Figure 4. Sampling in the first part (a) and in the middle of the cave (b).
2.2. Micromorphology
Micromorphology, as already stated, entails the study of intact soils, sediments, and associated
archaeological materials (hearths, floors, and construction materials) at a microscopic scale [31].
Samples collected in the field were sent to the laboratory in Piombino (Massimo Sbrana–Servizi per la
geologia), where they were dried, then impregnated with epoxy, and finally cut in slices, following the
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Benyarku and Stoops protocol [32]. These thin sections were then analyzed using a Leitz Laborlux 12
Pol microscope, with magnifications 2.5–50×, under plain polarized light (PPL), crossed polarizers
(XPL), and oblique incident light (OIL). The description was performed borrowing principles and
concepts from soil micromorphology and sedimentary petrography [32–36]; the same can be declared
for what concerns interpretation [10,11,17,35]. For the descriptions, we used Stoops [33] and Macphail
and Goldberg [17] guidelines, as well as some personal additions where it was considered convenient.
Additionally, we adopted the terms suggested by Stoops [33] to describe sizes of fabric units, whereas
we used Bullock [34] and Macphail and Goldberg [17] tables and charts for estimations and numerical
data. We usually reported only the average size of features, unless it was considered more appropriate
to indicate any relevant heterogeneity in the sample.
3. Results
We present the micromorphological description of the eight thin sections sampled in the cave
with reference to field data.
3.1. First Part of the Cave (Sample: MTB1)
It is a deposit in its original depositional setting, rich in bones, sampled one meter above the
present ground surface. Other layers belonging, presumably, to the same period, had been removed
during Zambelli’s excavations [6] at the beginning of the 1930s [4]. The microstructure has moderately
separated subangular blocky, platy traits. Vughs and vesicles give a characteristic aspect to the whole
sample (Figure 5). A few big fragments of highly altered limestone (up to 3 cm) are the only rock
remains present; quartz shows two main size classes (fine sand and medium sand) and calcite appears
only in a few grains (medium sand) affected by moderate to high alteration. Rare burnt and unburnt
bones with moderate alteration (fine sand, f.s.) and a few fragments of highly altered charcoal (f.s.),
as we expected from the field, are present. The micromass is a brown cloudy mixture of silt, clay, and
little amounts of calcite, with weakly expressed (lightly striated, lightly crystallitic) b-fabric. There are
occasional round Fe–Mn nodules with moderate alteration (f.s.) and rare round limpid phosphate-rich
nodules with low alteration (f.s.).
Geosciences 2019, 9, x FOR PEER REVIEW 6 of 14 
 
Figure 4. Sampling in the first part (a) and in the middle of the cave (b). 
2.2 Micromorphology 
Micromorphology, as already stated, entails the study of intact soils, sediments, and associated 
archaeological materials (hearths, floors, and construction materials) at a microscopic scale [31]. 
Samples collected in the field were sent to the laboratory in Piombino (Massimo Sbrana–Servizi per 
la geologia), where they were dried, then impregnated with epoxy, and finally cut in slices, following 
the Benyarku and Stoops protocol [32]. These thin sections ere then analyzed using a Leitz Laborlux 
12 Pol microscope, with magnifications 2.5–50×, under lain polarized light (PPL), crossed polariz rs 
(XPL), and obliqu  incident light (OIL). The description was performed borrowing principles and 
concepts from soil micromorphology and sedimentary petrography [32–36]; the same can be declar d 
for what concerns interpretation [10,11,17,35]. For the descriptions, we used Stoops [33] and Macphail 
and Goldberg [17] guidelines, as well as some personal additions where it was considered 
convenient. Additionally, we adopted the terms suggested by Stoops [33] to describe sizes of fabric 
units, whereas we used Bullock [34] and Macphail and Goldberg [17] tables and charts for estimations 
and numerical data. We usually reported only the average size of features, unless it was considered 
more appropriate to indicate any relevant heterogeneity in the sample. 
3. Result  
We present the micromorphological description of the eight thin sections sampled in the cave 
with reference to field data.  
3.1. First Part of the Cave (Sample: MTB1) 
It is a eposit in its original depositional setting, rich in bones, sa pled one meter above the 
present ground surface. Other layers belongi g, presumably, to the same period, had been remov d 
during Zambelli’s excavations [6] at the beginning of the 1930s [4]. The microstruc ure has 
moderately separated su angular blocky, platy traits. Vughs and vesicles give a characteristic aspect 
to the whole sample (Figure 5). A few big fragments of highly altered limestone (up to 3 cm) are the 
only rock remains present; quartz shows two main size classes (fine sand and medium sand) and 
calcite appears only in a few grains (medium sand) affected by moderate to high alteration. Rare 
burnt and unburnt bones with moderate alteration (fine sand, f.s.) and a few fragments of highly 
altered charcoal (f.s.), as we expected from the field, are present. The micromass is a brown cloudy 
mixture of silt, clay, and little amounts of calcite, with weakly expressed (lightly striated, lightly 
crystallitic) b-fabric. There are occasional round Fe–Mn nodules with moderate alteration (f.s.) and 










Figure 5. Microphotographs of some relevant features in MTB1. (a,b) The platy structure and the 
presence of peculiar voids point to frost action conditions in sample MTB1 (PPL in a., XPL in b). (c,d) 
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correspond to the portion below (M1, followed by M2 and M3) (Figure 6).  
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Figure 6. Microphotographs of some relevant features from the M series thin sections. (a,b) 
Microphotograph of slightly lighter, yellow-colored phosphatic grain (probably a coprolite) affected 
by cryoturbation, showing extinction in XPL (b). It is also evident how cold influenced the micromass. 
(c,d) Microphotograph of a silt capping above a rock fragment. (PPl in c, XPL in d). (e,f) A well-
preserved carnivorous coprolite. The red arrow indicates a hair inside the phosphate-rich feature. (e,f) 
Microphotograph of some combustion traces: the two red arrows indicate the presence of small burnt 
bone fragments, the blue arrow a few altered ash grains. 
Subangular blocky microstructure traits are found in all samples, sometimes flanked by others, 
like massive (M5), crumb (M1 and M2), or platy (M3). The only mineral encountered is quartz, whose 
alteration decreases going downward along the section, from a moderate weathering to a light or no 
Figure 6. Microphotographs of some relevant features from the M series thin sections.
(a,b) Microphotograph of slightly lighter, yellow-colored phosphatic grain (probably a coprolite)
affected by cryoturbation, showing extinction in XPL (b). It is also evident how cold influenced the
micromass. (c,d) Microphotograph of a silt capping above a rock fragment. (PPl in c, XPL in d).
(e,f) A well-preserved carnivorous coprolite. The red arrow indicates a hair inside the phosphate-rich
feature. (g,h) Microphotograph of some combustion traces: the two red arrows indicate the presence of
small burnt bone fragments, the blue arrow a few altered ash grains.
Subangular blocky microstructure traits are found in all samples, sometimes flanked by others,
like massive (M5), crumb (M1 and M2), or platy (M3). The only mineral encountered is quartz, whose
alteration decreases going downward along the section, from a moderate weathering to a light or no
alteration at all, in the case of M3. An interesting characteristic relies on the presence in the inferior level
(the already mentioned M3) of two different types of size and shape of these crystals: one finer (75 µm)
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and angular, the other bigger (120 µm) and rounded. Few rocky fragments are recognizable all along
the exposed deposit: limestone is always represented, unlike sandstone, not appearing in the second
and inferior samples. Altered coprolites can be found in every layer, with different alteration stages.
In M4, it is possible to report the presence of coprolites typical of carnivores, due to the occurrence
of a few bone fragments (f.s.) inside them. This feature is often associated with phosphate mottles,
easily recognizable by their yellowish color in plane-polarized light and isotropic properties at crossed
nicols. Burnt bones, very fine sand in size (except for two fragments of coarse sand size in M4), can be
found in the upper and lower level, whereas unburnt are situated only in M1. Traces of charcoal and
ashes are located in the topmost level and, in part, just below it, maybe because of truncated facies.
In M4, an individual seed was found, indicating possible traces of burning. To conclude, ferrous
nodules are widespread in the whole cave, without any exception. Clay pedofeatures can be seen from
M5 and descending: in M1, clay coatings are fragmented, while in M2, they are just weathered, and in
M3, there are signs of depletion. Interestingly, only M2 shows iron hypocoatings.
3.3. Inner Part (WK1, WK2)
Two sections were obtained from the deeper part of an internal infilling of the cave, below the
ground surface. They belong to a deposit constituted of very rubified clayey silt. In this section,
a Levallois scraper was found on this occasion, and many others had been found by Ricci in the
1960s [7] (Upper Pleistocene). Moreover, the sampling was conducted on one of Ricci’s trenches, from
which, also, 91 instruments referable to the Middle Paleolithic were recovered [7].
The first sample (WK1, situated higher than the other) is composed of one big (5× 4 cm) subangular
blocky aggregate characterized by a fissure structure, while the second (WK2, situated below) shows
a subangular blocky microstructure. The mineral portion, in both cases, is characterized by quartz,
common and nonaltered (f.s.) and very few grains of unidentifiable minerals (due to the high state
of alteration, f.s.). In the upper part of this layer, there are rare unburnt bones (f.s.) and rare Mn
traces from what we suppose to be frutexites [37], as well as occasional highly reworked charcoal (f.s.).
All these characteristics are not present downward. There are multiple examples of pedofeatures,
mostly constituted of clay or iron, specifically clay infillings and opaque clay coatings, and ferrous
hypocoatings. The number and size of these features grow descending the section.
4. Discussion
The thin soil section features are rather complex and related, like other geoarchaeological
settings [38], to depositional and postdepositional processes of geogenic, biogenic, and anthropogenic
character. Besides, each cave presents a combination of depositional environments sensitive to external
climate factors, each one of them at different rates and magnitudes [20]. In this way, a various number
of microsystems are created and, depending on the distance from the entrance of the cave and on other
characteristics of the cave or of the region, they respond differently to processes [10,39]. Moreover,
the collected samples are referable to a human frequentation covering an arc of at least 40,000 years,
probably with some interruptions, during which many climatic changes took place.
In general, this cave witnessed different climate conditions and different agents influencing
sediments. It has been affected by various events of freeze and thaw, as well as melting, conditions
that have been strongly shaping the whole region. Human occupation can be traced back a long
time ago, and the same goes for animals. Probably, wildlife and man alternated in time and space
inside the cave. Nevertheless, more research is required to assert this without any doubt. We are,
however, sure they did not exploit the whole cave and preferred the outer portions of it. A summary
of micromorphological observations and inferences is presented in Table 1.
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Table 1. Summary of micromorphological observations and inferences.
Portion of the Cave Sample Thickness Main Features Inferences
First part of the cave MTB1 +100 cm
Subangular blocky-platy
microstructure, burnt and unburnt
bones, charcoal.
Cold climate stage. Human occupation.
Middle M4 +30 cm Burnt bone fragments, charcoal, ashes. Signs of combustion and strongweathering.
- M5 +5 cm Reworked ashes and charcoal. A truncated sequence of differentoccupied surfaces.
- - -
Angular quartz grains and calcitic
features in contact with clay
pedofeatures and Fe hypocoatings.
Short arid interval replaced by humid
conditions.
- M1 −10 cm Crumbs, vughs, and unburnt bones. Probable use as a den for the cold period.
- M2 −20 cm Crumbs, high alteration, claypedofeatures Freeze and thaw, water passage.
- M3 −40 cm
Platy microstructure, accumulation of
coarse material in correspondence to
planar voids.
Cold climate stage. Animal occupants.
Inner part WK1 −20 cm
Prior loess deposits. High state of
alteration, unburnt bones, rare Mn
traces.
Arid situation replaced by humid
conditions, flood events, rise of the water
table.
- WK2 −30 cm Prior loess deposits. More clay andiron pedofeatures.
As above, but with a more prolonged
stagnation.
4.1. First Part of the Cave (Sample: MTB1)
The frost action is evident, particularly where the typical platy structure [11,38] (Figure 5a,b),
as well as vesicles, can be observed (Figure 5c,d). This type of void is attributable to the expulsion
of air present between ice crystals and soil peds [11]. Some zones show coarse material infillings
perpendicular to the general level and silt cappings, another clear sign of freezing [11]. Zambelli [6]
affirms that, for a long time, the cave had been inhabited only by animals, but we do not completely
agree with him. The presence of burnt (Figure 5e,f) and unburnt bones, together with charcoal, indicate
that the cave might have been used by man [19] before the important cold phase that affected this
layer. However, as he states in his work [6], we find it likely that part of the cave had been inundated
by limited flood events (presence of clasts and weathering), maybe associated with the fluviokarst
stream system.
4.2. In the Middle of the Cave (the M Series, M1–M5)
This sector shows different representative episodes that affected almost the whole cave.
Starting from the downmost layer, we have evidences of animals staying inside the cave shortly
before, or during, cold climate stages, as coprolites (/phosphatic grains [19], mainly amorphous
apatite, showing extinction) (Figure 6a,b) and unburnt bone fragments—altered and included in the
micromass—make us suppose. Slowly, the frost action seemed to have become less intense. The
high alteration of some minerals and rock fragments and the presence of depletion and hypocoatings
point to a rehash of the whole material and, subsequently, to a great event of water passage and
saturation that lasted for a long time [11]. Advancing under the ground surface, traces of frost action
are evident once more. This is manifested referring, in particular, to the microstructure and to the
accumulation of coarse material in correspondence to planar voids and silt cappings (Figure 6c,d).
Coprolites are more numerous and easily recognizable where cryoturbation acted more strongly,
indicating, for a second time, a probable use as a hibernation home for the duration of the cold period
by carnivores [19] (Figure 6e,f), as also suggested by Ricci [40]. Moving upward, combustion traces
were found (Figure 7), and we think it would be useful to examine this aspect in the future, maybe
with further sampling and other methods of investigations. Alongside this, there are signs of a short
arid interval (aeolian quartz deposits), as other archaeologists noticed [6], immediately replaced by
more humid conditions (manganese stains, channels, clay pedofeatures), indicating an abrupt climate
change [20]. The upper part clearly exhibits other combustion features (Figure 6g,h): this is indicated
by the presence of burnt bones, charcoal, and ash, although in the field it was not so evident, probably
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because it underwent different events of weathering, presumably associated with the decay of organic
materials and water passage [19]. The occurrence of limpid phosphatic nodules concentrated in close
proximity to the bone fragments supports the hypotheses of different episodes disturbing the layers,
related to organic decomposition, probably bioturbation or floods [19]. These characteristics of the
samples may find a confirmation with what was observed in the Y5 test pit (Figure 1), which showed, in
order: a first superficial deposit with anthropic remains and ceramic material for about 40 cm; a lower
level characterized by a deposit apparently in its original depositional position, with anthropized
traces; the deepest level, about 50 cm deep, in seemingly sterile soil.
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Figure 7. (a,b) Microphotograph of a previous loess deposit and of silty clay parallel laminated coatings
(PPL in a, XPL in b). (c,d) Microphotograph of a loess deposit, incorporated in the micromass, and
limpid, parallel laminated dark clay coatings. Their color indicates the presence of iron and manganese.
These features (loess deposit and clay coatings) indicate, respectively, an arid climate stage followed by
a more humid event.
4.3. Inner Part (WK1, WK2)
Previous archaeological excavations suggested great periods of water erosion in the valley and
generally wetter conditions in the study area [6]. In the samples, we recognized a prior loess deposit
(Figure 7a,b) transported inside the cave, associated with more arid conditions, later incorporated
in the micromass (infillings and cappings). Numerous clay pedofeatures indicate, furthermore,
more recent humid conditions [10,20], and, moving downwards, these elements increase in number.
Clay pedofeatures (Figure 7c,d) become accompanied by ferrous hypocoatings and a good amount of
iron in the matrix. All these signs point to wetter conditions [10] determined, maybe, by a rise in the
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water table and/or flood episodes, among other things (Goldberg, pers. comm., 2019). The Levallois
scraper found in this inner portion of the cave [8] allows chronologically framing the deposit in the
Middle-Upper Pleistocene, but more investigations are needed.
4.4. Tana di Badalucco Cave Deposits and Their Paleoclimatic Implications
Starting from the innermost parts of the cave and moving towards the entrance, more and
more recent sediments are found. The Levallois scraper (typical of the Mousterian culture) permits
chronologically framing the WK1-2 samples in the Middle-Upper Pleistocene.
The illuviation (clay coatings) and redoximorphic (iron hypocoatings) features, together with the
strong rubefaction of some portions of the section, correspond to a warmer and more humid climate
than the present day. Similar conditions in Italy are found during the Pleistocene interglacial phases,
before the last glacial period (Eemian). In addition, this wet period may be responsible for significant
flood episodes (testified by the presence of grains shaped by fluvial transportation and by the presence
of layering, both evident in the field and in the thin section). These M deposits are more recent than
the WK, thus we assume that they can be attributed to the Upper Pleistocene, and in particular, to
the beginning of the last glaciation: along the stratigraphy, signs of freeze and thaw and alternation
of more mild and humid phases (e.g., coarse illuviation) are evident and they are probably related
to interstadials. The micromorphological evidence, in sample MTB1, indicates very cold and arid
periglacial environments characterized by evidence of cryogenic features (microstructure, vesicles,
Figure 5), probably dating back to the acme of the last glaciation (27∼18 ka BP).
5. Conclusions
The soil micromorphology has proven useful in giving more precise and targeted data.
Although it is likely that no one methodological approach could hope to completely elucidate
the complex arrangement of anthropogenic, biogenic, and geogenic elements deposited in this cave,
micromorphological analysis provided information complementary to that gathered by traditional
field and laboratory methods. Still, we have been able to enter more into detail and confront previous
archaeological works, resulting in a more comprehensive understanding of the paleoenvironmental
setting of the area. Moreover, we are able to confirm that the Badalucco cave was frequented both by
man and animals, probably mainly carnivores, given the presence of coprolites containing hair. In fact,
paleoclimatic events of a different nature have been recognized and, alongside, their influence on the
whole region.
Concerning the WK1–2 and the M series samples, micromorphological interpretations and the
previous archaeological knowledge seem to coincide. However, the position of the MTB1 sample,
significantly above the current trampling surface, does not fit in with the sequence proposed in the
previous archaeological works, identified as Holocene and crossed by the Zambelli excavations, whose
materials are preserved in the various museums. The planned future interventions (dating, further
micromorphological and stratigraphic analyses) will be aimed at solving these important issues. Here,
we have presented our preliminary micromorphological study that helped in directing our interest and
further research, as well as giving some initial, but meaningful, results that will be deepened in the
future. In particular, further investigations, especially geochronological data, will be able to identify
and describe the passage from an interglacial climate to an important and distinct cold stage referable
to the last glaciation.
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